Circular photogalvanic effect in HgTe/CdHgTe quantum well structures 
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We describe the observation of the circular and linear photogalvanic effects in HgTe/CdHgTe 
quantum wells. The interband absorption of mid-infrared radiation as well as the intrasubband 
absorption of terahertz (THz) radiation in the QWs structures is shown to cause a dc electric 
current due to these effects. The photocurrent magnitude and direction varies with the radiation 
polarization state and crystallographic orientation of the substrate in a simple way that can be 
understood from a phenomenological theory. The observed dependences of the photocurrent on the 
radiation wavelength and temperature are discussed. 



PACS numbers: 73.21.Fg, 72.25. Fe, 78.67.Dc, 73.63.Hs 

I. INTRODUCTION 

High mobility HgTe quantum well (QW) structures are 
attracting rapidly growing attention due to the peculiar 
band structure properties. HgTe quantum wells exhibit 
an inverted band structure ordering for QWs exceeding 
a certain critical width, i.e., the ordering of electron- 
and hole-like states is interchanged*^ In this kind of 
structures the structural inversion asymmetry leads to 
a strong Rashba spin-orbit splitting with energies of the 
order of 30 meVj^ Furthermore the quantum spin Hall 
effeclj 2 - has been observed in the bulk insulating regime 
and manifests itself in the formation of two spin polarized 
counter propagating one dimensional helical edge chan- 
nels which results in a quantized conductance without 
magnetic field. The latter demonstrates that such in- 
verted HgTe structures are an example for a topologically 
non-trivial insulator^ Inverted band structure and strong 
spin-orbit interaction also give rise to unusual opto- 
electronic phenomena, e.g., a recently observed nonlinear 
magneto- gyrotropic photogalvanic effect £ Photogalvanic 
effects (PGE), in particular the circular photogalvanic 
effect (CPGE), in low dimensional structures have been 
proved be very powerful for the study of non-equilibrium 
processes in semiconductor QWs yielding information on 
their point-group symmetry, inversion asymmetry of QW 
structures, details of the band spin-splitting, processes of 
electron momentum, spin, and energy relaxation (for a 
recent review see Ref.[fj). The CPGE is a photon helicity- 
dependent photocurrent, caused by a transformation of 
the photon angular momenta into a translational motion 
of charge carriers. Microscopically, the conversion can 
be due to spin-dependent mechanisms 7 - - — or orbital ef- 
fects.— The mechanisms may, as shown theoretically 
in Refs. [f2lll3l . contain contributions associated with the 
Berry curvature and side jumps giving rise to a macro- 



scopic dc current quadratic in the amplitude of the ac 
electric field. 

Here we report the observation and investigation of the 
circular photogalvanic effect in HgTe QW structures with 
different growth direction induced by terahertz (THz) 
as well as mid-infrared radiation. Our investigations 
show that the CPGE can be effectively generated in 
HgTe quantum wells with a strength of about an order 
of magnitude larger than that observed in GaAs, InAs 
and SiGe low dimensional structures^ This large pho- 
tocurrent magnitude is of particular importance for an 
optimization of all-electric semiconductor room temper- 
ature detectors, which are based on photogalvanic effects 
and, which provide information about the polarization 
state of the laser radiation^ We present the phenomeno- 
logical theory of the linear photogalvanic effect (LPGE) 
and CPGE in two-dimensional channels with point-group 
symmetry corresponding to (001)- and (013)-oricntcd 
structures and compare the results with experimental 
data on polarization dependences. We show the results 
of the band structure calculations and discuss possible 
mechanisms of infrared/THz radiation absorption. 



II. SAMPLES AND EXPERIMENTAL 
TECHNIQUE 

The experiments were carried out on n-typc 
Hgo.3Cdo.7Te/HgTe/Hgo.3Cdo.7Te quantum well struc- 
tures of (001) and (013) crystallographic orientation and 
various quantum well widths L\y. Structures with (001) 
surface orientation were grown by molecular beam epi- 
taxy (MBE) on a Cdo.96Zno.04Te substrate and have Lyy 
either 8 nm or 22 ran. Structures with (013) surface 
orientation were grown on a GaAs substrate by a mod- 
ified MBE methocU^ and have Lw = 21 nm. Samples 
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FIG. 1: Photocurrent as a function of radiation helicity mea- 
sured at room temperature in HgTe QWs grown on (001)- and 
(013)-oriented substrates (left and right panels, respectively). 
The photocurrent was excited by THz radiation with wave- 
length A = 148 /im and power P ~ 5 kW. The left panel shows 
a photocurrent generated in (OOl)-grown QW at oblique inci- 
dence in the direction normal to the plane of incidence (data 
are shown for 8q — ±30°). The solid lines are fits with the 
phenomenological equation J y = ±Jo • sin2tp oc Poire- The 
right panels represent the photocurrent in (013)-grown QWs 
detected at normal incidence (fio — 0) in two perpendicular 
directions. Insets show corresponding experimental geome- 
tries. Along the top the polarization ellipses corresponding 
to key phase angles tp are sketched. 



with sheet density of electrons n s from 1 x 10 11 cm" 2 to 
2 x 10 12 enr 2 and mobility at 4.2 K in the range be- 
tween 5 x 10 4 and 5 x 10 5 cm 2 /Vs at T = 4.2 K were 
studied in the temperature range from 4.2 K up to room 
temperature. The samples were closely to square shaped 
of size 5x5 mm 2 . While for (001) QWs all edges were 
obtained by cleaving, for (013) samples two edges were 
prepared by cleaving and the others were cut normal to 
them. We fabricated two pairs of ohmic contacts pre- 
pared by thermal In-bonding and centered in the middle 
of sample edges (see insets in Fig. [I}. In this way we 
enabled investigations of photocurrents for (OOl)-grown 
QWs in x || [110] and y || [110] crystallographic direc- 
tions and in (013) oriented samples in x' and y' direc- 
tions. The geometry of the experiment is sketched in the 
insets in Fig. Q] The photocurrent was measured in un- 
biased structures via the voltage drop across a 50 f2 load 
resistor. The voltage was recorded with a storage oscil- 
loscope. For low-temperature measurements the samples 
were mounted in an optical cryostat with z-cut crystal 
quartz windows which allowed us to study photocurrents 
in the temperature range from 4.2 K up to room temper- 
ature. 

The photocurrents were induced by direct band- 
to-band optical transitions or indirect intrasubband 
(Drudc-likc) optical transitions within the lowest size- 



quantized subband, applying mid-infrared (MIR) or ter- 
ahertz (THz) radiation, respectively. We note, that in 
some samples transitions between size-quantized sub- 
bands may contribute to the absorption of MIR radia- 
tion. As a radiation source in the MIR range between 
6 /xm and 15 /jm (corresponding to photon energies from 
Tibj = 206.7 meV to 82.7 meV) we used a frequency tun- 
able free electron laser "FELIX" at FOM-Rijnhuizen in 
the Netherlands^ The output pulses of light from FE- 
LIX were chosen to be «6 ps long, separated by 40 ns, 
in a train (or "macropulse" ) of 7 yus duration. The 
macropulses had a repetition rate of 5 Hz. The extraction 
of the absolute photocurrent magnitude in response to a 
such short pulses is not an easy task. To calibrate the 
data we used ~ 100 ns long pulses of a transversely ex- 
cited atmospheric pressure (TEA) CO2 laser with a fixed 
operating wavelength of A = 9.6 /im (corresponding pho- 
ton energy Tiuj = 129 meV) and power P ~ 2 kW. The 
wavelength dependence of the current from FELIX was 
scaled to coincide with the CO2 laser result. For the mea- 
surements in the terahertz range we used a molecular gas 
laser, which was pumped optically by a TEA CO2 laser ^ 
With NH3 as the active laser gas, we obtain 100 ns pulses 
of linearly polarized radiation at wavelengths A = 90, 
148 and 280 /im (corresponding photon energies huj are 
13.7, 8.4 and 4.4 meV). We also used D 2 and CH 3 F as 
laser gases to obtain radiation with A = 385 and 496 fj,xn 
(tibj = 3.2 and 2.5 meV), respectively. The peak power of 
THz radiation used in our experiments was in the range 
from 3 kW to 30 kW. Radiation was applied with an an- 
gle of incidence 9q varying from —30° to +30° to the QW 
normal in the (xz) plane, see inset to Fig. [T] To investi- 
gate the circular photogalvanic effect we use elliptically 
polarized light. The polarization of the laser beam was 
modified from linear to elliptical (and circular) by means 
of ZnSe Fresnel rhombus for the mid-infrared radiation 
and crystal quartz A/4-plates for the THz radiation. The 
radiation helicity P c j rc of the incident light varies from -1 
(cr_) to +1 (0 + ) according to P c ; rc = sin2(y3, where tp 
is the angle between the initial plane of the laser radia- 
tion polarization and the optical axis of the quarter- wave 
polarizer. The light polarization states for some charac- 
teristic angles tp are sketched on the top of Fig. [TJ 



III. EXPERIMENTAL RESULTS 

Irradiating (OOl)-grown HgTe/HgCdTc quantum well 
structures with polarized light at oblique incidence we 
detected a photocurrent signal measured across one of 
the contact pairs. Figure Q] (left panel) shows the depen- 
dence of the photocurrent on the angle tp measured at 
room temperature in the direction normal to the plane 
of incidence (xz) and obtained at two angles of incidence 
8q = ±30°. The current reversed its direction when 
switching the sign of the radiation helicity. For the shown 
data, the polarization dependence of the photocurrent is 
well described by J y = Jo-sin2tp oc P c irc^ We emphasize 



3 




8 10 12 14 - 45 - 90' 135" 180" 

X (p.m) Angle <p 



FIG. 2: The spectral dependence of photon-helicity driven 
photocurrent measured in (OOl)-grown QWs with two QW 
widths of Lw = 22 nm (triangles) and Lw = 8 nm (squares) 
in the mid-infrared range. The data were taken using a free 
electron laser and were scaled to the CPGE photocurrent ob- 
tained for Lw = 22 nm found by using a TEA CO2 laser op- 
erating at A = 9.6 nm (diamond). The inset shows the CPGE 
photocurrent spectrum in the THz-range for Lw = 8 nm. 
The full line is a guide for the eyes. 



that by inverting the incidence angle the photocurrent 
changes its sign (at #0 ~ 0). In the longitudinal geom- 
etry, when the photocurrent is picked up in the plane 
of incidence, no helicity dependent photocurrent was ob- 
served. Below, in Sec. lIVl we will demonstrate that these 
polarization and angle of incidence dependences follow 
exactly from a phenomenological theory. The effect is 
observed in a wide spectral and temperature range, from 
6 fim to 496 fim and from 4.2 K to 300 K. 

Figure [5] shows the wavelength dependence of the 
circular (photon-helicity-dcpendent) photocurrent, J c i r c- 
To extract J c ; rc from the total signal we used the 
fact that it changes direction upon switching the 
helicity. Taking the difference of right- and left- 
handed radiation induced photocurrcnts we define 
Jch-c = [J(<P = 45°) - J(v?=135°)]/2. Figure H demon- 
strates that in the mid-infrared range both samples ex- 
hibit similar spectral behavior: the signal does not de- 
pend on the wavelength in the range from 6 to 12 [im 
and then rises rapidly, so that from 12 to 15 /xm the pho- 
tocurrent strength increases by factor of 4. While the ini- 
tial lack of spectral dependence of J c ; rc can be attributed 
to the spectral behavior of the interband absorption in 
this range, the signal rise at longer wavelength remains 
unclear. One of the possible explanations might be at- 
tributed to intersubband resonance absorption. However, 
the wavelength of resonant transitions between the two 
lowest subbands should depend strongly on the quan- 
tum well width, whereas Fig. [2] shows that the signal in- 
crease occurs at the same wavelengths for samples with 
very different quantum well widths. This observation ex- 
cludes resonant intersubband transitions as an origin of 
such spectral behavior, unless there is a accidental coin- 
cidence of the absorption between the lowest subbands in 



FIG. 3: The helicity dependence of the photocurrent in (013)- 
grown HgTe single QW for normal incidence light. Solid line 
is fit to phenomenological Eq. ([6]). 

the narrow well and the absorption into higher subbands 
in the wider well. This is possible in principle in HgTc- 
based QWs which have a complex band structure. One 
can also imagine that, in spite of the fact that direct opti- 
cal transitions dominate in the absorption of mid-infrared 
radiation, the weaker free carrier absorption (Drude-like) 
may contribute substantially to the photocurrent gener- 
ation yielding larger signals at lower frequencies. This 
assumption, however, is not supported by the measure- 
ments carried out in the THz range, where current is ex- 
cited by radiation with photon energy smaller than the 
energy gap and is due to free carrier absorption. The 
inset in Fig. [5] demonstrates that, as expected for free 
carrier absorption, the signal rises significantly with in- 
creasing wavelength as expected for Drude absorption. 
We emphasize that in the whole THz range the photocur- 
rent magnitude is substantially smaller than that excited 
by mid-infrared radiation. This fact shows that the pho- 
tocurrent in the mid-infrared can not be attributed to 
indirect transitions. 

Helicity dependent photocurrent was also detected in 
(013)-grown samples (see Figs. Q] and [3]). However, in 
contrast to (OOl)-oriented QWs, in these structures the 
current is observed even at normal incidence. Depending 
on the sample type, radiation wavelength and/or sample 
temperature the currents in both x' and y' directions can 
be well fitted simply by J = Jo ■ sin 2ip oc P c irc (as for the 
circumstances of Fig. |T|) or by more complex dependence 
on the angle ip (see Fig. [3]) given by 

J = A ■ sin2</5 + B ■ sin4<^ + C ■ cos4(^ + D . (1) 

Here, A, B, C, and D arc fitting parameters, de- 
scribed in more detail below in Sec. IIVI While the 
first term in the right-hand side of the Eq. ([IJ describes 
the CPGEji the other terms yield the LPGEJii^ 
We note that even if B, C and D are non-zero, 
J circ = [J(<p = 45°) - J(tp = 135°)]/2 is proportional to A 
and hence is a measure of the CPGE. Measuring the 
CPGE and LPGE contributions as a function of the angle 
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FIG. 4: The spectral behavior of the power-normalized 
helicity-dependent photocurrent along the y direction mea- 
sured in (013)-grown QW excited by the mid-infrared radia- 
tion. The data are obtained at normal incidence using the free 
electron laser (down triangles) and normalized to the CPGE 
photocurrent measured applying TEA CO2 laser (diamond) 
operating at A = 9.6 ^m. The top right inset shows spectral 
behavior of J x i and J y i in the THz-range, which correspond 
to the projections of the total photocurrent (see the inset in 
the bottom, left). Note the axis break on the ordinate. 



of incidence we observed that all currents for the (013)- 
grown samples reach a maximal value at normal inci- 
dence. Below we focus on CPGE. 

Experimentally, we observed a major difference be- 
tween the photocurrent excited in (013)-oriented QWs 
and that in (OOl)-grown QWs. In the higher symmetry 
structures, (OOl)-grown QWs, J circ can only be excited 
by oblique incidence, its direction is always restricted to 
the perpendicular to the plane of incidence for the used 
experimental geometry, and only the photocurrent mag- 
nitude and sign arc functions of angle, temperature and 
wavelength. In the (013)-grown structure, J C i rc can be 
produced by normal incidence and can flow in any di- 
rection as shown in Figs. [TJ 2] and where it can be 
seen that the photocurrent components x' and y' behave 
differently and even change their relative sign depending 
on the wavelength and temperature. The spectral be- 
havior of the circular photocurrent is shown in Fig. |4]for 
one of the pairs of contacts. As for (OOl)-grown QWs, 
we observed that for some of the mid-infrared spectral 
range (in this case 10-^15 /jm) the signal is almost inde- 
pendent of the wavelength. Unlike (OOl)-grown QWs, it 
becomes larger at shorter A. Applying THz radiation we 
observed the photocurrent caused by free carrier absorp- 
tion which, like for (OOl)-grown QWs, is substantially 
smaller than that in mid-infrared range. The wavelength 
and the temperature dependence of J X ' and J y i compo- 
nents are shown in the inset in Fig. U and in Fig. [5j re- 
spectively. We emphasize that the lack of restriction on 
the photocurrent direction was detected for (013)-grown 
QWs only, which are characterized by the point symme- 
try group Ci, the group of the lowest symmetry compris- 
ing only the identity. 



FIG. 5: Temperature dependence of J x i and J y i photocur- 
rents measured in (013)-grown single QW applying radiation 
with A = 148 /im. The photocurrents correspond to the pro- 
jections of the total photocurrent on x and y' directions (see 
the inset). 



IV. PHENOMENOLOGICAL THEORY AND 
DISCUSSION 

In order to describe the observed dependences of pho- 
tocurrent on the light polarization and the angle of in- 
cidence we derive here phcnomenological equations for 
the linear and circular photogalvanic effects in two- 
dimensional HgTc-based structures. The photogalvanic 
current density j can be written as a function of the 
electric component E of the radiation field and the prop- 
agation direction e in the following forn&iS 

TP TP* 1 TP* TP 
V" r> p,2 , V" E^E V +E E v 

JX = l\fs e p P cilc \E\ + X\nv y~ — ' W 

where the first term on the right hand side is propor- 
tional to the radiation helicity P C i rc and represents the 
CPGE, while the second term corresponds to the linear 
photogalvanic effect which may be superimposed on 
the CPGE. The indices A, f3, fi, v run over the coordinate 
axes. The second rank pscudotensor 7 and the third rank 
tensor x, symmetric in the last two indices, are material 
parameters. We note that while in the theoretical consid- 
eration the current density j is used, in the experiments 
the electric current J is measured which is proportional 
to j. 

The HgTe QWs grown along z || [001] direction corre- 
spond to the C2V point group. This group includes a ro- 
tating axis C2 parallel to the [001]-dircction and two mir- 
ror planes, m\ and rri2, coinciding with the (xz) and (yz) 
planes, respectively (Fig. [6]). It follows from Neumann's 
Principle and Eq. ([2} that the circular photocurrent can 
only occur along those axes where for all symmetry op- 
erations components of j transform in the same way as 
components of the pseudovector S = P C i rc e describing 
the radiation helicity. Let us consider it for circularly 
polarized radiation propagating along x-dircction, i.e., 
for S x . The reflection in each mirror plane transforms 
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FIG. 6: (a) Coordinate system of the (OOl)-grown HgTe QW 
which has C2v symmetry, (b) mirror planes mi and mi and 
C2-axis in QW grown along z || [001]. Arrows in the drawing 
(c) show that the reflection in the mirror plane mi changes 
the sign of both the polar vector component j y and the axial 
vector component S x = Pdic&x, demonstrating that a linear 
coupling j y oc S x is allowed under these symmetry opera- 
tions. This coupling is also allowed by the other symmetry 
operations of the point group, and so is j x oc S y . 



the current component j y and the pseudovector compo- 
nent S x in the same way: j y —j y , S x — > —S x for 
the plane mi (see Fig. [BJ:) and j y — > j y , S x — > S x for 
the plane m,2- Therefore, the photocurrent j y oc S x is 
possible. Similar arguments hold for j x oc S y . For any 
other relative directions of j and S, a linear coupling of 
the current and the radiation helicity is forbidden. For 
instance, the reflections in both mi and mi planes re- 
verse the direction of S z while C2 does nothing. There is 
no polar vector component that transforms in the same 
way. It indicates that S z cannot give rise to a photocur- 
rent in (OOl)-grown QW structures. Thus, CPGE can 
only be generated at oblique incidence and in the direc- 
tion normal to the plane of incidence, (xz) or (yz), as 
observed in the experiments. For QW structures of the 
C2V point group, these arguments can be used to show 
that the non-zero components of the second rank pseu- 
dotensor and the third rank tensor are the following: 7^, 
l V x, Xxxz = Xxzx, and Xyyz = Xyzy These four compo- 
nents are linearly independent. Optical excitation of such 
structures at oblique incidence in the (xz)-plane with el- 
liptically polarized light generates electric current whose 
x- and y-components depend on the angles tp and 9 as 
follows 



jx(<p) = ^XxxzEq £pSin6»cos6»(l - cos 4^) , (3) 



j y (<p) = El t p t s sin ( 



jyx sin 2cp - -Xyyz sin 4ip 



•(4) 



Here, Eq is the electric field amplitude of the incident ra- 
diation, t p and t s are the Fresnel amplitude transmission 
coefficients from vacuum to the structure for the s- and 
p-polarized light, respectively,— 9 is the refraction angle 
related to the incidence angle 9q by sin 9 = sin^o/n^, 
and n u is the refractive index. 

We note that the linear photogalvanic effect described 
by Eq. © and second term on the right hand side of 
Eq. (0| was detected for several wavelengths. It can be 



excited by linearly polarized radiation, which was also 
checked experimentally (the data are not shown here). 

The (013)-oriented QWs belong to the trivial point 
group Ci lacking any symmetry operation except the 
identity. Hence, symmetry does not impose any restric- 
tion on the relation between radiation electric field and 
photocurrent components. All components of the pseu- 
dotensor 7 and the tensor x may be different from zero. 
Phcnomenologically, for the Ci-symmetry group, the lat- 
eral photogalvanic current for the excitation along the 
QW normal with elliptically polarized light is given by 



Jo 



Jy 



-Elt 2 s 



■ r, Xx'x'x' + Xx'y'y' 

sin 2ip — (5) 



is'x'x' *xw (1 + cos 4 ) + AV£V sin 4 
4 2 



-E 2 t 2 s 



ly , z , S m2<p- Xv ' x ' x "l Xv ' y ' y ' (6) 



Xy'x'x' Xy'y'y' , A \ , Xy'x'y' . . 
— — (1 + cos4<y9j H — " smAip 



Exactly this polarization dependence is encapsulated in 
Eq. (TT]) and observed in experiment as can be seen in 
Fig. [T] and, in particular, in Fig. 02 where all terms given 
by Eq. © contribute substantially. Equations ([5]) and © 
show that, in (013)-oriented QWs, the CPGE photocur- 
rent direction is arbitrary and not forced to a definite 
crystallographic axis. 

The fact that J x i and J y > as well as their ratio J x i / J y i 
exhibit a non-trivial variation with the radiation wave- 
length (Fig. 2]) or sample temperature (Fig. [S]) is also 
in agreement with Eqs. (J5J) and ^ yielding for circu- 
larly polarized light j x '/jy' = Jx'z'/^y'z'- Indeed all the 
components of the tensor 7 arc linearly independent in 
structures of the Ci point-group symmetry, so the ratio 
between them can change by varying the experimental 
conditions. There is therefore no preferential direction 
of the circular photocurrent forced by the symmetry ar- 
guments. The same is valid, and observed experimen- 
tally, for the linear photogalvanic photocurrent. Symme- 
try analysis of Eq. ([2]) for QWs of the Ci point group 
shows that dc current excited by linearly polarized light 
in the geometry of normal incidence is described by 



Jx' = -Elt 2 s 



Xx'x'y' sin 2a 

Xx'x'x' Xx'y'y' 



Xx'x'x' T Xx'y'y' 



cos 2a 



Jy' 



-Eltl 



Xy'x'y' sin 2a 

Xy'x'x' — Xy'y'y' 



Xy'x'x' + Xy'y'y' 



cos 2a 



(7) 



(8) 



where a is the angle between the light polarization plane 
and the x' axis. We have checked experimentally (not 
shown) that the photocurrent induced under linearly po- 
larized excitation is well fitted by these equations. 
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FIG. 7: Calculated band structure for QWs with Lw = 8 nm 
and 22 nm at T = 300 K. Arrows show optical transitions 
induced by mid-infrared radiation used in the experiments 
(hui = 129 meV). Insets sketch the band profile of HgTe-based 
QWs with normal and inverted band structure. 



V. BAND STRUCTURE AND OPTICAL 
TRANSITIONS 
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+ [E n (z) + V(z)]f n {z) = E ■ f n (z) . 

Here, indices n and n' run over the two conduction and 
six valence bands, E n (z) is the respective band-edge po- 
tential; indices a and (3 run over x, y, z\ k x and k y are 
components of the in-plane wave vector, k z is the oper- 
ator —id/dz; P" n i is the momentum matrix element de- 
scribing the interaction between two bands of the chosen 
basis set \u n o), Dnn' describes the coupling between the 
bands in this basis set and remote bands in the second- 
order perturbation theory, V(z) is the self-consistently 
calculated Hartree-potential, and are the strain- 

induced terms of the Bir-Pikus Hamiltonian.— A detailed 
description of the model as well as the band structure 
parameters employed in the calculations can be found 
in Ref. [26l . Our calculations show that mid-infrared ra- 
diation with a photon energy of the order of 100 meV 
used in the experiments causes direct interband optical 
transitions in all our samples (see Fig. \T§. 



HgTc, which is a semimetal, forms type-Ill QW with 
Hgo.3Cdo.7Te barrier as indicated in the cartoon insets of 
Fig. [7] Depending on the quantum confinement, i.e. the 
well width, and on the temperature, a normal (Fig. [TJt) 
or inverted (Fig. [7Jd) band structure can be realized with 
positive or negative gap between E±- and _ffi-subbands 
(see Ref.[13). 

We have calculated the band structure of 
HgTe/Hgo. 3 Cdo. 7 Te QWs grown along [001] direc- 
tion using an envelope function approximation^ based 
on eight-band k ■ p Hamiltonian. The influence of the 
induced free carriers has been included by self-consistent 
solution of the Poisson and Schrodinger equations. The 
total single-particle wave function is given by: 

*(r) = X>«( r )Ko(r)> = £cxp ifc iil /„(z)Ko(r)}, 

n n 

(9) 

where F n are the envelope functions; \u n o) are the Bloch 
functions at the T point of the Brillouin zone, which 
form a complete basis set, and are assumed to be the 
same in HgTe- and Hgo.3Cdo.7Te-layers; fc|| is the wave 
vector in the plane of the QW. For narrow gap struc- 
tures it is important to include the coupling between the 
conduction and valence bands, and the spin-orbit cou- 
pling of the valence bands. Therefore, the conduction 
and valence Bloch functions (|r 6 ,±l/2)) (|r 8 ,±l/2), 
|r 8 ,±3/2), |T 7 , ±1/2)) were used as a basis set^ In 
this case the following system of eight coupled differential 
equations has to be solved in order to find the envelope 



VI. CONCLUSIONS 

To summarize, our experiments show that hclicity- 
driven photogalvanic currents can effectively be gener- 
ated in HgTe quantum wells. The photocurrent strength, 
e.g., for CPGE current, of about an order of magnitude 
larger than that observed in GaAs, InAs and SiGe low 
dimensional structures^ Our results reveal that photo- 
galvanic measurements open a rich field for investigation 
of microscopic properties of this novel and promising ma- 
terial. The microscopic theory of these phenomena in 
HgTe-based QWs, in particular with the inverted bands 
ordering, is a task for future, which is complicated by 
the band structure, with almost flat valence bands and 
strong spin slitting in comparison with other materials. 
All known mechanisms of the CPGE are enhanced in 
HgTe-based structures: spin-related mechanisms^— due 
to large spin-orbit coupling and orbital mechanisin g 10 ' 11 
due to very small band gap. We can suggest that the pho- 
tocurrent induced by the free-carrier absorption of THz 
radiation is dominated by orbital mechanisms. For the 
direct optical transitions, spin-related mechanisms of the 
current formation can play an important role. To dis- 
tinguish between spin and orbital mechanism additional 
research is required. In this respect future experiments 
on time resolved photogalvanics under short-pulsed cir- 
cularly polarized photoexcitation, with the pulse dura- 
tion being comparable with the free-carrier momentum 
and spin relaxation times, would be desirable and in- 
formative. Such experiments would also reveal a great 
deal about the momentum, energy and spin relaxation of 
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nonequilibrium photoexcitcd carriers. The experiments 
will also clarify the importance of the recently proposed 
Berry-phase based effects which should be enlarged in 
narrow gap materials. 



1 and AS327/2-1, the Linkage Grant of IB of BMBF at 
DLR, the RFBR, the President Grant for young scientists 
(MD-1717.2009.2), and Foundation " Dynasty" -ICFPM is 
gratefully acknowledged. 



ACKNOWLEDGMENTS 

We thank E.L.Ivchenko for helpful discussions. The 
financial support of the DFG via programs WE2476/9- 



* (for NQVinh) Present address ITST, Department 
of Physics, University of California, Santa Barbara CA 
93106-4170. 



1 H. Buhmann, Int. J. Mod. Phys. B 23, 2551 (2009). 

2 M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, 
L.W. Molenkamp, X.-L. Qi, and S.-C. Zhang, Science 318, 
766 (2007). 

3 Y.S. Gui, C.R. Becker, N. Dai, J. Liu, C.J. Qui, 
E.G. Novik, M. Schafer, X.Z. Shu, H.J. Chu, H. Buhmann, 
and L.W. Molenkamp, Phys. Rev. B 70, 115328 (2004). 

4 B.A. Bernevig el at, Science 314, 1757 (2006). 

5 H. Diehl, V.A. Shalygin, L.E. Golub, S.A. Tarasenko, 
S.N. Danilov, V.V. Bel'kov, E.G. Novik, H. Buh- 
mann, L.W. Molenkamp, C. Briine, EL. Ivchenko, and 
S.D. Ganichev, Phys. Rev. B 80, 075311 (2009). 

6 E.L. Ivchenko and S.D. Ganichev, Spin Photogalvanics 
in Spin Physics in Semiconductors, ed. M.I. Dyakonov, 
(Springer, Berlin, 2008). 

7 S.D. Ganichev, E.L. Ivchenko, S.N. Danilov, J. Eroms, 
W. Wegscheider, D. Weiss, and W. Prettl, Phys. Rev. Lett. 
86, 4358 (2001). 

8 S.D. Ganichev and W. Prettl, J. Phys.: Condens. Matter, 
15, R935 (2003). 

9 M. Bieler, N. Laman, H.M. van Driel, and A.L. Smirl, 
Appl. Phys. Lett. 86, 061102 (2005). 

10 S.A. Tarasenko, JETP Lett. 85, 182 (2007). 

11 P. Olbrich, S.A. Tarasenko, C. Reitmaier, J. Karch, D. 
Plohmann, ZD. Kvon, and S.D. Ganichev, Phys. Rev. B 
79, 121302(R) (2009). 

12 E. Deyo, L.E. Golub, E.L. Ivchenko, and B. Spivak, 
larXiv:0904.19T7l (2009). 

13 JE. Moore and J. Orenstein. rarXiv:0911. 36301 f2009). 

14 S.D. Ganichev, W. Weber, J. Kiermaier, S.N. Danilov, 
P. Olbrich, D. Schuh, W. Wegscheider, D. Bougeard, G. 
Abstreiter, and W. Prettl, J. Appl. Phys. 103, 114504 
(2008). 



15 V.S. Varavin el al, Proc. SPIE 381, 5136 (2003). 

16 G. M. H. Knippels, X. Yan, A. M. MacLeod, W. A. Gille- 
spie, M. Yasumoto, D. Oepts, and A. F. G. van der Meer, 
Phys. Rev. Lett. 83, 1578 (1999). 

17 S.D. Ganichev and W. Prettl, Intense Terahertz Excitation 
of Semiconductors (Oxford Univ. Press, 2006). 

18 We note that at some wavelength of the radiation an ad- 
dition photocurrent component proportional to sin4</p is 
detected. This contribution is due to linear photogalvanic 
eSectM^ 

19 E.L. Ivchenko, Optical Spectroscopy of Semiconductor 
Nano structures (Alpha Science International, Harrow, UK, 
2005). 

20 B.I. Sturman and V.M. Fridkin, The Photovoltaic and 
Photorefractive Effects in N on- Centro symmetric Materials 
(Nauka, Moscow, 1992; Gordon and Breach, New York, 
1992). 

21 M. Born and E. Wolf, Principles of Optics (Pergamon 
Press, Oxford, 1970). 

22 M. Konig, H. Buhmann, L.W. Molenkamp, T. Hughes, C- 
X. Liu, X.-L. Qi, and S.-C. Zhang, J. Phys. Soc. Jpn. 77, 
031007 (2008). 

23 M.G Burt, J. Phys.: Condens. Matter 4, 6651 (1992); ibid. 
11, R53 (1999); B.A. Foreman, Phys. Rev. B 48, 4964 
(1993). 

24 E.O. Kane, J. Phys. Chem. Solids 1, 249 (1957). 

25 GL. Bir and GE. Pikus, Symmetry and Strain- Induced 
Effects in Semiconductors (John Wiley & Sons, Chichester, 
1974). 

26 E.G. Novik, A. Pfeuffer-Jeschke, T. Jungwirth, V. La- 
tussek, C.R. Becker, G. Landwehr, H. Buhmann, and L.W. 
Molenkamp, Phys. Rev. B 72, 035321 (2005). 



